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. EXECUTIVE SUMMARY
Introduction

Mitretek Systems and CONSOL Energy Inc. Research and Development have
conducted a study to estimate the potential market penetration of advanced Integrated
Gasification Combined Cycle (IGCC) technology as a means of producing domestic
electric power from coal in 2010. The primary objective of this study was to provide the
National Energy Technology Laboratory (NETL) with information to aid in the
development of a strategic marketing plan for commercial domestic deployment of
advanced IGCC technologies for coal-based power generation.

Previous Evaluation of Northeasten United States

A previous study' examined advanced IGCC market penetration potential for baseload
power generation in the northeastern United States. Those results were based on
technology costs and performance for advanced IGCC systems identified in a report?
issued by Parsons Inc. in 1998. That report is based on advancements in both IGCC
cost and performance that reduce capital costs to $961/kW and heat rate to 6,870
Btu/kwh.

The current study expands the market penetration analysis to the East Central Area
Reliability (ECAR) coordination agreement region of the North American Electric
Reliability Council (NERC). As one of the largest NERC regions in terms of power
generated, ECAR results can be used as a benchmark for extrapolating results to other
NERC regions east of the Mississippi river for which the main fuel supply for power
production is bituminous coal.

In the northeast region analysis, all compliance options were evaluated at a fixed
capacity factor of 85%, and the mix of technologies giving the lowest cost of electricity
was chosen. In reality, power plants generally dispatch at capacity factors dictated by
their operating (marginal) costs. That is, competitive prices for generation are based on
the costs of producing the last kilowatt-hour of electricity.

Purpose of Study

The purpose of this analysis was to evaluate the economic competitiveness of
advanced IGCC technology versus alternative power generation technologies. It was
not intended to predict quantitatively the number of IGCC systems installed during a
particular point in time. Energy Information Administration (EIA) load growth projections
were used to establish electric power generation demand in 2010. That demand was
satisfied by adding all new capacity in that single year. In reality, new generation
capacity will be added incrementally, each year, as needed.



ECAR Base Case

In contrast to the northeastern United States study, economic dispatch was applied to
the analysis of the ECAR NERC region. The lowest incremental-cost unit available was
dispatched first with additional units added until the demand was satisfied. Unit
availability was based upon historic average availabilities for units of the same type.
This dispatch method is identical with standard utility practice, in which units are
dispatched primarily by operating costs.

An estimate of power demand in 2010 was made by applying the U.S. EIA load growth
projections® to the ECAR region. Applying these projections results in a 610,000 GWh
power demand in 2010.

CONSOL Energy's Regional Compliance Model (RCM) was used to evaluate various
emissions compliance options at varying gas price escalation rates and carbon taxes.
Natural gas prices were escalated at rates of 0.92, 2.0, 3.0 and 4.0%/yr, which
correspond to annual average prices of $3.53, $4.05, $4.60, and $5.21 MM Btu,
respectively, in 2010. Carbon taxes were varied from 0-100/tonne in $25/tonne
increments. The emission compliance options considered for the existing coal-fired units
were the purchase of emission credits, running the unit "as-is", retrofitting emission
controls, seasonal or year-round fuel switching from coal to gas, repowering, and unit
replacement.

In the previous study of the northeastern United States, pre-established allowance
prices were used for nitrogen oxide (NOx) emissions for both the ozone and non-ozone
seasons and for sulfur dioxide (SO;) emissions year-round. The initial phase of the
ECAR analysis was performed using these same allowance prices: $1723/ton of NOx
during the ozone season, $259/ton of NOx during non-ozone season periods, and a
year-round SO, allowance price of $354/ton.

The results of this phase of the analysis show that advanced IGCC systems dominate
the new capacity market, except at the lowest (0.92%) gas price escalation with carbon
taxes greater than $25/tonne and at a 2% gas price escalation and carbon taxes greater
than $50/tonne. In these cases, natural gas combined cycle systems (NGCC) replace
advanced IGCC systems. Retrofitting control technology on existing generation units
generally satisfies emission limits. Results at the limits of the analysis are shown in
Figure 1. Only at the lowest gas price escalation and highest carbon tax do NGCC
systems predominate. Even at a $100/tonne carbon tax, IGCC systems dominate new
capacity installations when gas prices are escalated at 4.0%/yr (to $5.21/MM Btu in
2010).



Figure 1. Baseload Fossil Power Plants
(Fixed Allowance Prices)
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Figure 1 presents the results in terms of number of plants installed. The results are
identical in terms of power generated (GW), since advanced IGCC (398 MWe) and
NGCC (395 MWe) systems are always preferentially installed because of their superior
performance and low cost compared to the other technologies available.

ECAR With More Stringent Emission Limits

The emission limits for 2010 are subject to change. However, regulations currently in
place provide reasonable guidance to potential NOx and SO, limits in that time frame. In
addition, it appears almost certain that fine particulate matter (those particles smaller
than 2.5 microns in diameter) will be regulated by 2010. Particulate matter in this size
range generally is composed of approximately 50% sulfates in the ECAR region. For
this analysis, it was assumed that FGD scrubbers would be used to reduce sulfur
dioxide even further than required by the Clean Air Act Amendments of 1990 (under the
presumption this also would reduce sulfate particulate in the atmosphere). Therefore,
for the purposes of this evaluation, SO, emission limits from the ECAR region were
reduced to half the currently prescribed limit. Although somewhat arbitrary, this does
provide for some accounting of limits that may be in place by 2010. To meet the
emission limits imposed in this portion of the study, NOx allowance prices were set at
$1500/ton (year-round) and SO, allowances at $800/ton.

At these allowance prices, as in the earlier case, advanced IGCC systems dominate the
new capacity market, except at a 0.92% gas price escalation combined with carbon
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taxes greater than $25/tonne and at a 2% gas price escalation combined with carbon
taxes greater than $50/tonne. In these cases, natural gas combined cycle systems
(NGCC) replace advanced IGCC systems. Retrofitting control technology on existing
generation units generally satisfies emission limits. Results at the limits of the analysis
are shown in Figure 2.

Figure 2. BASELOAD FOSSIL POWER PLANTS
(Allowance Prices Adjusted for Estimated 2010 Emission Limits)
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Generally, the increased allowance prices tend to favor new technology installations
rather than technology retrofits. For example, at a 0.92% gas price escalation and no
carbon tax, 39 advanced air blown IGCC units are installed versus 31 units with the
lower allowance prices. Seventy-four existing plants retrofit FGD scrubbers at the
$800/ton SO, allowance price versus only ten units at the $354/ton SO, allowance price
(the remaining retrofits shown in Figure 2 are NOx retrofits). The larger number of new
plant installations is necessitated by a reduction in the capacity factor of existing plants.

To illustrate the selection process used by the CONSOL Regional Compliance Model
for retrofitting and/or replacing existing coal-fired boilers, and adding new generation
capacity, several examples are presented in Section VI. These examples show the
data that were used in the decision process for specific scenarios.



ECAR With Less Advanced IGCC and More Stringent Emission Limits

An analysis was performed to determine the impact of less advanced IGCC cost and
performance targets. This analysis was performed at the previously established
$800/ton SO, and $1500/ton NOx allowance prices. As expected, the number of IGCC
units installed declines as the heat rate and capital cost increase. However even with a
20% increase in IGCC heat rate, IGCC systems dominate new capacity in cases with no
carbon tax, as shown in Figure 3. The impact of a 20% increase in IGCC capital cost is
shown in Figure 4. Here, IGCC market penetration is very dependent on gas price
escalation.

Figure 3. ADVANCED IGCC MARKET STUDY |
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Figure 4. ADVANCED IGCC MARKET STUDY
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With a simultaneous 20% increase in both capital cost and heat rate, IGCC systems are
economically non-competitive compared to other technologies available, and none are
deployed over the range of gas price escalations and carbon taxes evaluated. However,
if the increase is limited to 10% in both, IGCC systems are competitive in many
scenarios, as illustrated in Figure 5.

Carbon Dioxide Emissions

The effect of carbon taxes was evaluated in this study because of their possible
imposition at some time in the relatively near future to mitigate carbon dioxide emissions
to the atmosphere and their apparent effect on global warming. Natural gas and
advanced coal based technologies are inherently lower emitters of carbon dioxide
compared to conventional PC units. Therefore, when these technologies are installed to
meet added demand or replace inefficient existing boilers, the level of carbon dioxide
emitted per unit of electricity generated decreases.

Despite the imposition of carbon taxes, advanced IGGC systems remain economically
competitive except at very low gas price escalations and very high carbon taxes.
Carbon dioxide emission reductions are only significant (i.e., >10% of base case
emissions) at a 0.92% gas price escalation with carbon taxes of $75/tonne or greater
and at a 2% gas price escalation combined with a $100/tonne carbon tax.

General Conclusions

The general conclusions of this study follow:
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At base case conditions (0.92%/yr gas price escalation, no carbon tax), advanced
IGCC systems dominate new capacity installations in 2010.

Advanced IGCC systems will play a significant role in meeting energy demand in
2010, except at low gas price escalations combined with high carbon taxes.

Economic dispatch favors efficient advanced IGCC and NGCC systems. When
installed, IGCC systems dispatch at their availability.

Advanced IGCC systems will play a significant role in new power generation in 2010,
even if capital cost and heat rates are 10% greater than currently estimated.

At base case conditions, carbon dioxide emission reductions are only significant
(i.e., >10% of base case) at carbon taxes greater than or equal to $75/tonne.

Figure 5. ADVANCED IGCC MARKET STUDY
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[I. INTRODUCTION

Mitretek Systems of McLean, Virginia, and CONSOL Energy Inc. Research and
Development of South Park, Pennsylvania, are conducting a market penetration study
of Integrated Gasification Combined Cycle (IGCC) technology as a means of producing
domestic electric power from coal in 2010. The National Energy Technology Laboratory
(NETL) of the U.S. Department of Energy (DOE) funded this study.



The objective of the study is to provide NETL with information to aid in the development
of a strategic marketing plan for commercial domestic deployment of IGCC technologies
for coal-based power generation. Major drivers of the electric market examined in the
study are technology development, environ-mental issues, and demand growth.

A previous study' examined advanced IGCC market penetration potential for baseload
power generation in the northeastern United States. The current study expanded the
market penetration analysis to the East Central Area Reliability (ECAR) coordination
agreement region of the North American Electric Reliability Council (NERC). As one of
the largest NERC regions, ECAR results can be used as a benchmark for extrapolation
of the results to the remainder of the United States.

This study was performed under a range of scenarios to encompass, to the extent
possible, various factors that may be in place for power generation in 2010. This
includes known or anticipated emission limits, NOx and SO allowance prices, carbon
taxes, fuel price escalation, and level of technology advancement. These results are
intended as an aid to DOE in formulating research and development objectives for
electric power generation in the United States.

lll. SUMMARY OF RESULTS

A. Fixed Allowance Prices

In the previous study of the northeastern United States, pre-established allowance
prices were used for nitrogen oxides (NOx) emissions for both the ozone and non-
ozone seasons and for sulfur oxides (SO;) emissions year-round (a NOx allowance
price of $1723/ton during the ozone season, a non-ozone season NOx allowance price
of 259%/ton, and a SO, allowance price of $354/ton). The initial phase of the analysis of
the ECAR region was performed using these same allowance prices.

IGCC market penetration versus gas price escalation and carbon tax is shown in
Figure 6 as number of plants constructed and in Figure 7 as power generated. Detailed
results are shown in Tables 1A, 1B, and 1C. Advanced IGCC systems dominate the
new capacity market except at a 0.92% gas price escalation with carbon taxes greater
than $25/tonne and at a 2% gas price escalation and carbon taxes greater than
$50/tonne. In these cases, natural gas combine cycle systems (NGCC) replace
advanced IGCC systems. Retrofitting control techology on existing generation units
generally satisfies emission limits.

B. Allowance Prices Set to Match Emission Limits

The emission limits set for 2010 are subject to change. However, regulations currently
in place provide a reasonable guide to NOx and SO limits in 2010. In addition, it
appears almost certain that fine particulate matter (those particles smaller than 2.5
microns in diameter) will be regulated by 2010. Particulate matter in this size range
generally is composed of approximately 50% sulfates in the ECAR region. For this
analysis, it was assumed that FGD scrubbers would be used to reduce sulfur dioxide
even further than required by the Clean Air Act Amendments (under the presumption
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this would also reduce sulfate particulate in the atmosphere). Therefore, for purposes of
this evaluation, SO, emission limits from the ECAR region were reduced to half the
currently prescribed limit. Although somewhat arbitrary, this does provide for some
accounting of limits that may be in place by 2010. To meet the emission limits imposed
in this portion of the study, NOx allowance prices were set at $1500/ton (year-round)
and SO allowances at $800/ton.

Advanced IGCC market penetration versus gas price escalation and carbon tax is
shown in Figure 8 as number of plants constructed and in Figure 9 as power generated.
Detailed results are shown in Tables 2A, 2B, and 2C.

Advanced IGCC systems dominate the new capacity market except at a 0.92% gas
price escalation and carbon taxes greater than $25/tonne and at a 2% gas price
escalation and carbon taxes greater than $50/tonne. In these cases, natural gas
combined cycle systems (NGCC) replace advanced IGCC systems. Retrofitting control
technology on existing generation units generally satisfies emission limits.

Generally, increased allowance prices tend to favor new technology installations rather
than technology retrofits. A comparison of the effect of allowance price on advanced
IGCC systems installed in 2010 is shown in Figure 10. For example, at a 0.92% gas
price escalation and no carbon tax, 39 advanced air blown IGCC units are installed
versus 31 units with the lower allowance prices. Seventy-four existing plants retrofit
FGD scrubbers at the $800/ton SO, allowance price versus only ten units at the
$354/ton SO, allowance price. The larger number of new plant installations is
necessitated by reduction in the capacity factor of existing plants.

There are exceptions to this generalization, however. At a 0.92% gas price escalation,
the number of IGCC systems at a $354/ton SO, allowance price exceeds the number at
an $800/ton SO, allowance price. The same situation occurs at $100/tonne carbon
taxes at 2 and 3% gas price escalations. This is due to the fact that in these cases a
large number of existing coal-fired boilers are replaced with natural gas combined cycle
systems (NGCC). Consider the case of 0.92 % gas price escalation and $100/tonne
carbon tax. With a $354/ton SO, allowance price, 31 existing coal fired-boilers are
replaced with NGCC systems. At an $800/tonne SO, allowance price, 90 existing coal-
fired boilers are replaced with NGCC systems. Since relatively high SO, emitting
systems are replaced with relatively low SO, emitting technology, SO, emissions are
reduced, and SO, allowance prices do not have as large an impact on the results.

C. Status of Technology

Results reported in sections A and B are based on technology costs and performance
for advanced IGCC systems identified in a report® issued by Parsons Inc. in 1999. That
report is based on advancements in IGCC cost and performance that will be attained by
the year 2010.

An analysis was performed to determine the impact of lower IGCC cost and
performance targets. This analysis was performed at the $800/ton SO, and $1500/ton
NOx allowance prices established in section B. Results for increases of 10 and 20% in
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IGCC capital costs compared to the baseline are shown in Figure 10. As expected, the
number of units installed declines as the capital cost increases. The effect is most
dramatic at the 0.92% gas price escalation where the number of IGCC systems installed
is only significant with no carbon tax.

In Figure 12, a comparison is made between the number of IGCC systems installed at
the baseline versus 10 and 20% increases in IGCC heat rate. While the number of
IGCC units declines as expected, the decrease as not as dramatic as the 10 and 20%
increases in IGCC capital cost shown in Figure 11.

Both capital costs and IGCC heat rate are increased in equal proportions in Figure 13.
With a simultaneous 20% increase in both factors, IGCC systems are essentially non-
existent. However, if the increase is limited to 10% in both, IGCC systems are
competitive in many scenarios.

Actual cost and performance values represented by these cost and performance
reductions are shown in Table 3.
IV. CONCLUSIONS

In a business-as-usual (BAU) condition (0.92% gas price escalation, no carbon tax),
advanced IGCC systems dominate new capacity installations in 2010.

Advanced IGCC systems play a significant role in meeting energy demand in 2010
except at the extreme ranges considered in this analysis (low gas price escalation
combined with high carbon taxes).

Economic dispatch favors efficient advanced IGCC and natural gas combined cycle
systems. When installed, IGCC systems dispatch at their availability.

To meet anticipated emission limits in 2010, SO, allowance prices are estimated at
$800/ton and NOx allowance prices at $1500/ton (year-round).

IGCC systems will play a significant role in new power generation in 2010 even if
capital cost and heat rates are 10% greater than currently estimated for advanced
IGCC systems.

At BAU conditions, carbon dioxide emission reductions are only significant (i.e.,
>10% of BAU) at carbon taxes greater than or equal to $75/tonne.
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V. DISCUSSION
A. Introduction

1) Previous Study Results

A previous study* examined IGCC market penetration for baseload power generation in
the northeastern United States, an important market area for IGCC because of the
existing coal generation infrastructure and its proximity to coal producing regions.
Three utility power pools supply most of the power for the region: the Pennsylvania,
New Jersey, Maryland Power Pool (PJM), the New York Power Pool (NYPP), and the
New England Power Exchange (NEPEX). There are 110 coal-fired power plants in the
region with 14 in NEPEX, 30 in NYPP, and 66 in PIM.

The CONSOL Regional Compliance Model (RCM) model was used to evaluate the
options for the northeast region. All of the options were evaluated at a fixed capacity
factor of 80 percent and a mix of technologies giving the lowest cost of electricity. Two
parameters were investigated in that study. They were the price of natural gas and the
imposition of a carbon tax.

Several compliance options were available to the plants in the region. The emission
compliance options considered for the existing coal-fired units were the purchase of
emission credits, running the unit "as-is", retrofitting emission controls, seasonal or
year-round fuel switching from coal to gas, repowering, and unit replacement. These
options reflect the desire of utilities to continue to use current generating assets and to
replace a unit only if economically justified.

The results of that IGCC market penetration study showed that the most critical factor
affecting deployment of IGCC in 2010 was the level of technology advancement that
could be achieved. Without improvements in cost and performance, compared to the
current state of development, no IGCC market penetration was expected in either the
replacement unit or new capacity market segments, regardless of market conditions.
That analysis assumed that the current IGCC heat rate and capital cost of the air-blown
and oxygen-blown systems are 8,106 Btu/kWh and $1,392/kW, and 8,522 Btu/kWh and
$1,241/kW, respectively. Although site-specific and market-condition-specific, IGCC
power costs from current technology are greater than other new plant coal-fired
technology options.

Performance and cost improvements from the current level of development to an
“advanced” level allowed IGCC to effectively compete with advanced NGCC and with
other coal-fired technologies in the power market. Advanced technology IGCC had
significant market penetration under most market conditions. The advanced technology
heat rate and capital cost assumed for that study were 6,870 Btu/kWh and $961/kW
respectively, based on recent estimates by Parsons.? This represents a 16-20% heat
rate improvement and a 23-30% capital cost reduction from current IGCC technologies.
At that performance/cost level, IGCC technology was superior to all other coal-fired
technologies examined. At a representative plant site in the PJM power pool, for
example, advanced technology IGCC power cost was 15-23% lower than current
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technology IGCC and 6-13% lower than competing coal-fired technologies under
business-as-usual (BAU) market conditions.

Over the range of market conditions examined, the maximum market penetration for
IGCC occurred at the highest gas price escalation and the highest carbon tax. Even
advanced IGCC has no market penetration at the lowest gas price escalation and
highest carbon tax (0.54%/yr and $100/tonne C) condition.

2) Dispatch

In the Northeast IGCC Market Penetration study, all of the options were evaluated at a
fixed plant capacity factor of 80%. In reality, all power plants dispatch at capacity factors
dictated by the operating (marginal) costs. That is, competitive prices for generation are
based on the costs of producing the last kilowatt-hour of electricity. Marginal costs are
defined as the operation and maintenance (O&M) costs of the most expensive
generating plant needed to supply the immediate demand for electricity (the marginal
cost of generation). In contrast to the northeastern United States study that used a
fixed capacity factor, economic dispatch was applied to the analysis of the ECAR NERC
region.

The CONSOL RCM uses historical demand curves to dispatch individual generating
units based on incremental operating costs. The lowest incremental-cost unit available
dispatches first with additional units added until the demand is satisfied. Unit availability
is based upon historic average availabilities for units of the same type. This dispatch
method is identical with standard utility practice in which units are dispatched primarily
by operating costs. Capital and fixed costs do not enter into the dispatch algorithm.
Only the fuel and variable operating costs are used.

The RCM calculations were based on historical data for the ECAR NERC region for the
years 1993 through 1997. The model dispatches power based on demand probabilities.
It also establishes both random and planned outages. Unit availability is based on
historic average availabilities for units of the same type. The model continually iterates
capacity factors until convergence is attained. Each plant dispatches at a unique
capacity factor and incremental power cost.

3) Obijectives of Current Study

The objectives of this study are as follows:

Estimate the future market potential of IGCC electric power generation for the East
Central Area Reliability Coordination Agreement (ECAR) region of the United States
in 2010.

Identify the conditions where IGCC achieves a significant market penetration for
baseload power

Estimate allowance prices to achieve projected emission limits for NOx, SO,, and
Carbon.
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Perform a region-specific market study for 2010, including compliance with
environmental regulations, load projections, and available technologies.

Include power dispatch to generate the true marginal cost of power.

The study evaluated IGCC market potential in 2010 because:
Significant advances in IGCC and other power generation technologies should be
adequately demonstrated and ready for commercialization.
Implementation of CO, emission reduction programs within in the next 5-10 years
will require evaluation of an expanded list of compliance options.
CO; allowance prices should be fairly well established.

B. Description of ECAR

The ECAR region encompasses eight east-central states serving 36 million people.
Western Pennsylvania, West Virginia, Ohio, Indiana, Kentucky, Michi-gan, and small
areas of Virginia and Maryland form this region. Electrical generation capacity is largely
coal-fired boilers/steam turbines (85%) with nuclear (7%) and natural gas-fired turbines
(5%) making significant contributions. Coal-fired boilers/steam turbines and nuclear
energy provide 98% of the power. Power is generated at 119 sites in units ranging in
capacity from 10-1300 MWe for coal, 800-1250 MWe for nuclear, 2.5-800 MWe for fuel
oil firing, and 20-115 MWe for gas firing. Heat rates vary from 8,600-19,000 Btu/kWh.
These plants currently employ a variety of emission controls. The current average
system dispatch of these existing units is about 60%.

C. Compliance Options

This analysis assumed that allowances must be purchased for all SO,, NOx, and CO,
emissions, regardless of the emission level or whether the unit is an existing or a new
unit. It is assumed that the cost of each type of emission allowance will equilibrate to a
certain level based on compliance strategies. Overall, this treatment of emissions as an
opportunity cost minimizes the costs associated with emissions compliance. The cost
of CO, allowances was varied because of its profound impact on IGCC market
penetration.

Emission Allowance Purchases

For existing coal-fired units, one option is to continue to operate the plant “as-is” and
purchase allowances rather than reduce emissions. This strategy can be attractive
because no emission control hardware-related capital charges and O&M costs are
incurred. For this strategy to be cost-effective, the total cost of allowances must be
small.
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Unit Modifications

For existing coal-fired units, another option is to modify the unit by retrofitting emission
control hardware for SO, and/or for NOx.

SO, Control

The only SO, emission control option evaluated for unscrubbed units is a retrofit
limestone forced oxidation (LSFO) wet scrubber. The scrubber is designed to remove
95% SO, with large absorbers and no spares. The maximum capacity per absorber is
650 MW. This is the current technology limit. It is assumed that the flue gas streams
from large multi-unit power stations are aggregated into a single flue gas desulfurization
(FGD) unit. This approach reduces cost and has been demonstrated commercially at
several plants.

NOx Control

Various NOx control options and combinations of options are evaluated. @ The NOx
emission levels of the existing units are based on data reported for 1997. The control
options evaluated include:
. Low NOXx burners (LNB)

Overfire air

Selective Non-Catalytic Reduction (SNCR)

Selective Catalytic Reduction (SCR)

Coal reburn

Gas reburn

Combinations of the above

The boiler firing mode, heat input, and presence of installed control equipment are
considered. The SNCR and SCR capital costs are based on a retrofit instal-lation of
moderate difficulty. In general, higher year-round NOx allowance costs favors the use
of capital-intensive options that display higher removal levels. Large differential
seasonal NOx allowance costs favor the use of less capital-intensive options

Fuel Switching

Fuel switching from coal to natural gas is a low-capital-cost option for reducing SO.,
NOx, and CO, emissions in existing units. The disadvantages are the decrease in
boiler efficiency and higher fuel cost. Net power output increases slightly because of
reduced duty of the fuel and ash handling systems, the pulverizers, and the electrostatic
precipitator (ESP). It is assumed that a natural gas pipeline is located near each plant.
As a result, the only capital cost incurred for this option is for the installation of gas
burners.

The two options evaluated are seasonal and year-round fuel switching. Seasonal (May

through September) fuel switching is evaluated to minimize NOx emission costs during
the ozone season when allowance costs are very high. Fuel switching is evaluated
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based on the delivered ozone- and non-ozone-season natural gas prices selected for
analysis.

Repowering

Repowering is an option that increases capacity, improves power generation
performance, reduces emissions, and preserves part of the existing assets for
continued use. Generally, repowering is the replacement of the original unit steam
supply system and integration of the new steam system into the remainder of the plant.
The steam turbine-generator is the most critical item reused. The reuse of other plant
systems is maximized. Some systems may require upgrading or refurbishment. The
evaluation of repowering is very site specific, and very limited information on
performance and cost is available. This study provides an initial and limited evaluation
of the repowering option.

Criteria were developed to decide which existing coal units are suitable for repowering,
and for the performance and capital and operating costs of the repowered plants. The
repowering technologies examined are natural gas-fired G-frame NGCC, and coal-fired
advanced IGCC and advanced PFBC. Only single-train repowering designs were
considered. For example, a single-gas turbine, single-steam turbine NGCC design was
evaluated, while a design with two gas turbines and one steam turbine was not
considered. This limitation may result in underestimating the potential for both coal and
gas repowering of existing plants. Steam turbine capacity and plant heat rate data were
used to decide if a unit is a candidate.

Replacement Units

Fifteen technology options were evaluated as alternatives for replacing the existing
units. It was assumed that only the current unit site and general support facilities are
reused. The original unit is abandoned and a new unit (from coal handling to the stack)
is built. The gas-fired options include three NGCC technologies based on FA, G, and H
frame gas turbines. The pulverized-coal (PC) options include subcritical, supercritical,
ultrasupercritical, and advanced ultrasupercritical technologies. The PCs are equipped
with a LSFO scrubber, low-NOx burners, and a SCR. The IGCC options include one
currently available technology, one partially advanced technology, and two advanced
technologies. The IGCC market potential is evaluated at each technology level to
decide the impact of technology advancement. The pressurized fluidized bed
combustion (PFBC) options include one currently available and one advanced
technology. Two cofeed-coproduction (CoCo) options, high coal and high gas, are
considered to encompass plant design ranges for coal and gas feed rates, power
output, and liquid by-product output. The CoCo options are based on a current state-of-
the-art technology. The performance and costs of the replacement plant tech-nologies
are listed in Table 3.

New Capacity Units

The same technology options considered for replacement units are considered for units
providing new capacity. Since units providing new capacity will be built at existing sites
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and use the same coal (if coal-fired), the performance and cost of the new capacity
units are the same as the replacement units. These are listed in Table 3. It is assumed
that adequate space exists at each site to construct one or more additional units.

D. Parameters Evaluated

In general, the model was evaluated at varying gas price escalation rates and carbon
taxes. Natural gas prices were escalated at rates of 0.92, 2.0, 3.0 and 4.0%/yr. Carbon
taxes were varied from 0-$100/tonne in $25/tonne increments. Natural gas prices were
escalated from the 1997 baseline. The equivalent gas prices in 2010 at these escalation
rates are shown below.

Gas Price
Escalation (%/yr) Ozone Season Non-Ozone Season Annual Average
0.92 3.16 3.79 3.53
2.0 3.63 4.35 4.05
3.0 4.12 4.90 4.60
4.0 4.67 5.60 5.21

E. IGCC Market

1. Basis/Assumptions

For the ECAR region, a prediction of the potential power market for 2010 is made by
applying the U.S. Energy Information Administration (EIA) load growth projections® to
the northeast region. Baseload power growth for 2010 is assumed to be the same as
general load growth. Future nuclear and hydro capacity is based on EIA growth
projections. The contribution of “other” capacity sources is assumed to remain constant
— no growth or loss of generation units. Fossil fuel plants, comprising existing coal-fired,
new coal-fired, and new gas-fired units, will provide the remaining baseload power.
Replacement of existing coal-fired units with lower cost, more efficient coal- or gas-fired
technologies generally increases the power generation capacity at existing sites. As
required, additional new coal- or gas-fired units are installed at these sites to provide the
remaining baseload capacity requirement.

This study assumes that all plants use the current coal at its 1998 price escalated to
2010. The unique properties of that coal are considered when assessing emission
reduction technology options. The size (MW), net plant heat rate, availability, and
existing emission reduction technologies of each boiler are considered when optimizing
technology options. Technology options are not restricted by space availability,
infrastructure, or availability of any utilities, including natural gas. The exception is
repowering where a match between the existing stream turbine and repowering
technology size is necessary for the repowering option to receive consideration. It is
further assumed that new generation technology is installed at an existing plant site and
uses the coal currently being burned. Transmission limitations are not considered.
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Site-specific considerations can influence technology deployment to meet increased
power demand. For example, coal costs and characteristics at one site may favor a
particular technology, while coal costs and characteristics at another site may favor a
different technology. By applying the analysis to a real power generation region, ECAR,
the technology mix predicted reflects the fact that no two real world scenarios are
identical.

Fuel prices are assumed to escalate at the rates predicted by EIA.> EIA predicts that
coal prices will de-escalate at 0.69%/yr through 2010, while natural gas prices will
escalate by 0.92%lyr.

The coal/natural gas fuel price differential is an important factor in determining the
market potential of all coal-fired technologies, including IGCC. This study uses site-
specific 1997 coal characteristics and delivered fuel price as a baseline to evaluate
each unit. The average delivered coal price for all existing coal-fired units in 1997 was
$1.22/MM Btu with a range of $0.84-$1.80/MM Btu. Coal-fired boilers experiencing a
high delivered coal price are more likely to switch to gas in the existing boiler or replace
the current unit with a NGCC plant. These sites probably will not be economically
attractive for installing a new coal unit to satisfy new capacity needs.

It is assumed that the current coal is used in 2010. Although coal switching is possible,
the evaluation of this option is very complex and beyond the scope of this study. Coal
switching (to Powder River Basin or southern Appalachian coals) in the ECAR region is
less likely to occur, compared with the far midwest and southeast regions.

In the economic analyses, leveraged financing is used with an expected return on equity
(ROE) of 15%. The financial factors used in the study reflect a non-regulated utility
industry and are similar to project financing parameters currently used by non-utility
generators (NUGs). These are characterized by leveraged financing, a higher return on
investment, and a somewhat shorter project life than is typical for a regulated utility
power project. The total project life ranges from 26 to 28 years based on a common 25-
year operating life and construction periods from 1 to 3 years. The financial factors used
and construction period of each option are shown in Table 4.

In summary, the assumptions made in this study were:

The analysis would be for 2010.

Load growth would be 1.64%/yr based on the EIA Annual Energy Outlook 2000.
ECAR supplies it own power needs (no import or export of power to other NERC
regions).

Existing plants continue to operate until uneconomic.

Allowances must be purchased for all emissions, including the emissions remaining
after control technology is installed.

Fuel prices were set at the escalation rates shown in EIA Annual Energy Outlook
2000. Deviations from these rates were not considered because the number of
potential cases would have been unwieldy.

The baseline natural gas price escalation rate is 0.92%/yr.

Nuclear power fuel prices remain essentially unchanged.
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2. Methodology

To perform the analysis of the ECAR region, the original RCM was integrated with a
power dispatch model. This model applies the lowest cost emission control strategy to
each generating unit. Plants are dispatched at the lowest marginal cost that includes
fuel price, variable operating and maintenance costs, and emission allowance costs.
The model includes the capability to evaluate the effect of natural gas price escalation,
carbon taxes, and NOx and SO, allowance prices on operating costs.

When existing plants cannot meet the regional power demand, new capacity is added at
the lowest overall cost to meet the demand. In this case, capital costs are considered in
addition to operating costs. Individual plant capacity factors are adjusted in the model
to produce the most economical power dispatch.

The model used for this analysis balances a number of criteria to produce the lowest
power cost for the ECAR region. Considerations include existing plant configuration,
existing fuel characteristics, retrofit options, replacement options, new technology
options, capacity factors, availabilities, fuel prices, carbon taxes, and emission
allowance prices. Due to this complexity, slight anomalies can occur when making
exact comparisons between different cases. These anomalies are small and do not
influence the overall conclusions of the study.

3. Results
a) Fixed Allowance Price

IGCC market penetration was evaluated over a matrix of market conditions. The market
conditions examined encompass natural gas price escalation rates of 0.92-4.00% per
year and carbon taxes of $0-$100 per tonne of carbon. The SO, and NOx emission
allowance prices were fixed in this portion of the study at the same values used for the
Northeast IGCC Market Penetration Study,* including: an ozone season NOx allowance
price of $1723/ton, a non-ozone season NOx allowance price of $259/ton, and a year-
round SO, allowance price of $354/ton. The advanced IGCC technology costs and
performance values used in the analysis are those presented in the Parsons Report.?
IGCC market penetration versus gas price escalation and carbon tax is shown in Figure
14 as number of plants constructed and in Figure 15 as power generated. Detailed
results are presented in Tables 1A, 1B, and 1C.

With no carbon tax, the number (31) and generation capacity (12.3 GW) of IGCC plants
remains constant at all of the gas price escalation rates evaluated. All capacity
constructed to satisfy increased demand is IGCC. No natural gas combined cycle
(NGCC) units are built nor are any existing coal-fired boilers replaced. More than 90%
of the existing plants comply with emission limits by retrofitting control technology while
the remainder buys allowances. Figure 16 shows the total number of plants in
operation and the strategy used to meet compliance for these plants. Similar data are
shown in Figure 17 in terms of power generated. The technologies used to meet new
baseload capacity are presented in Figure 18.
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At a $25/ton carbon tax, new capacity is satisfied with IGCC units (32) over the range of
gas price escalations evaluated. These units provide 12.7 GW of new generation
capacity. No existing coal-fired boilers are replaced. All capacity constructed to satisfy
increased demand is IGCC. No natural gas combined cycle (NGCC) units are built.
More than 90% of the existing plants comply with emission limits by retrofitting control
technology, while the remainder buy allowances. The total number of plants in operation
and the strategy used to meet compliance for these plants are shown in Figure 19.
Similar data are shown in Figure 20 in terms of power generated. The technologies
used to meet new baseload capacity are shown in Figure 21.

At a $50/tonne carbon tax, NGCC systems become economically competitive with IGCC
at low gas price escalation rates. At a 0.92% gas price escalation, new capacity is
almost evenly split between IGCC and NGCC (16 vs. 17 new plants). However, at a gas
price escalation of 2.0% or higher, all new demand is satisfied with IGCC units (33) with
a generation capacity in the range of 13.1 GW. At the 0.92% gas price escalation, one
existing coal-fired boiler switches to natural gas firing. At this carbon tax and over the
range of gas price escalations evaluated, 90% of the existing plants comply with
emission limits by retrofitting control technology while the remainder buy allowances.
The total number of plants in operation and the strategy used to meet compliance for
these plants are shown in Figure 22. Similar data are shown in Figure 23 in terms of
power generated. The technologies used to meet new baseload capacity are shown in
Figure 24.

At a $75/tonne carbon tax, the number of new NGCC systems is slightly higher than
IGCC systems (15 vs. 20 new plants) at a 0.92% gas price escalation. At a 0.92% gas
price escalation, two existing coal-fired boilers are replaced by NGCC systems. At a
2.0% gas price escalation, IGCC regains the economic advantage over NGCC. Twenty-
three new IGGC units are constructed versus ten NGCC units. No existing coal-fired
boilers are replaced. At the 3.0% and 4.0% gas price escalation rates evaluated, all
new capacity is supplied by IGCC systems (13.1 GW). Slightly less than 90% of the
existing plants comply with emission limits by retrofitting control technology, while the
remainder buy allowances. The total number of plants in operation and the strategy
used to meet compliance for these plants are shown in Figure 25. Similar data are
shown in Figure 26 in terms of power generated. The technologies used to meet new
baseload capacity are shown in Figure 27.

The number of IGCC units constructed decreases to seven (2.8 GW) at a $100/tonne
carbon tax and 0.92% gas price escalation. In addition, 31 existing coal-fired boilers are
retired and replaced with NGCC systems. However, at this same carbon tax and a
2.0% gas price escalation, new capacity is almost evenly split between IGCC and
NGCC (18 vs. 19 new plants). In this case, only four existing coal-fired boilers are
retired and replaced with NGCC systems. At the 3.0% and 4.0% gas price escalation
rates, all new capacity is again IGCC and no existing coal-fired boilers are retired. Most
plants still achieve emissions compliance through retrofitting controls, but the number
declines to approxi-mately 85%. The remainder buy allowances. The total number of
plants in operation and the strategy used to meet compliance for these plants are
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shown in Figure 28. Similar data are shown in Figure 29 in terms of power generated.
The technologies used to meet new baseload capacity are shown in Figure 30.

In summary, for the allowances prices established here, IGCC systems achieve a
significant market penetration in the ECAR region except at a 0.92% gas price
escalation ($3.53/MM Btu average annual gas price) combined with carbon taxes of
$50/ton or greater. At all other conditions evaluated, the number and generation
capacity of IGCC systems equals or exceeds that of NGCC systems.

The average capacity factor for existing units is shown in Figure 31 as a function of gas
price escalation and carbon tax. Lines for 3% and 4% gas price escalations overlap.
These capacity factors fall in a narrow range of 60-62%. Capacity factors for new units
are shown in Figure 32. This is a combination of NGCC and IGCC technologies. In
general, new IGCC units dispatch at a higher capacity factor than new NGCC units.
This is shown in Figure 33, which plots capacity factor versus carbon tax for new NGCC
and IGCC units at a 0.92% gas price escalation.

The average annual generating cost for existing units is shown in Figure 34. Since most
existing units are coal-fired, they are unaffected by gas price escalations. The drop in
cost at the 0.92% gas price escalation and $100/tonne carbon tax represents
replacement of existing coal-fired units with NGCC systems. In this analysis,
replacement units are analyzed as an existing units. Here, thirty-one existing coal-fired
boilers are replaced with NGCC systems. NGCC systems are more economical under
this scenario because of the high carbon tax ($100/tonne).

Average costs for power generation are shown in Figure 35 for new plants. As gas
prices escalate, so do power costs.

b) Adjusted Allowance Prices

The approach used in the previous analysis was to use the same SO, and NOx
emission allowance prices used for the prior northeastern United States study. Those
are: an ozone season NOXx allowance price of $1723/ton, a non-ozone season NOXx
allowance price of $259/ton, and a SO, allowance price of $354/ton. SO, and NOx
emissions are generated for each plant in the ECAR region using technology
combinations that produce the lowest marginal cost of electricity. The sum is then the
total emissions for the ECAR region.

The emission limits expected for 2010 are subject to change over time. However,
regulations currently in place or under contemplation provide guidance to expected
limits in 2010. These are:

SO, emission limit for the ECAR region of 2.38 million tons (based on Clean Air Act
Amendment Title I, Phase 2 acid rain provisions currently in place)

NOx emission limit of 0.15 Ib/MM Btu during the ozone season (based on recently
promulgated EPA regulations).
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In addition, it appears almost certain that fine particulate matter (those particles less
than 2.5 microns in size) will be regulated by 2010. Particulate matter in this size range
generally is composed of approximately 50% sulfates in the ECAR region. For the
analysis reported in this section, it was assumed that FGD scrubbers would be used to
reduce sulfur dioxide even further (under the presumption that this also would reduce
sulfate particulate in the atmosphere). Therefore, for purposes of this evaluation, SO,
emission limits from the ECAR region were reduced to half the currently proscribed limit
(from 2.38 to 1.19 million tons). Although somewhat arbitrary, this provides some
accounting for additional reductions that are likely to be mandated by 2010.

Currently, NOx emission limits apply only to the ozone season (May through
September). However, environmental regulations generally become more stringent with
time. Many individual state regulators are already considering imposing year-round
NOx limits. It was assumed in this portion of the analysis that, by 2010, technology
used to meet ozone season NOXx limits would be required year-round.

To meet the emission limits imposed in this portion of the study, NOx allowance prices
were set at $1500/ton (year-round) and SO, allowances to $800/ton. IGCC market
penetration was evaluated at natural gas price escalation rates of 0.92%-4.00% per
year and carbon taxes of $0-$100 per tonne of carbon. IGCC market penetration versus
gas price escalation and carbon tax is shown in Figure 8 as number of plants
constructed and in Figure 9 as power generated. Detailed results are shown in Tables
2A, 2B, and 2C.

With no carbon tax, the number of IGCC plants constructed is constant at 38 over the
range of gas price escalations evaluated. This represents approxi-mately 15 GW of
generation. One existing coal-fired boiler is replaced with an IGCC system at all gas
price escalation rates. One additional coal-fired boiler converts to natural gas firing at
the 0.92% gas price escalation. Except for the single replacement unit, IGCC capacity
is constructed to satisfy increased demand. Without a carbon tax, no NGCC units are
built. More than 90% of the existing plants comply with emission limits by retro-fitting
control technology, while the remainder buy allowances. The total number of plants in
operation and the strategy used to meet compliance for these plants are shown in
Figure 36. Similar data are shown in Figure 37 in terms of power generated. The
technologies used to meet new baseload capacity are shown in Figure 38.

At a $25/ton carbon tax, new capacity is satisfied with IGCC units (37-39) over the
range of gas price escalations evaluated. These units provide approximately 15 GW of
power generation. Two existing coal-fired boilers are replaced with IGCC units at
0.92% and 2% gas price escalation, while three existing coal-fired boiler are replaced
with IGCC units at 3% and 4% gas price escalations. One coal-fired boiler converts to
natural gas firing at the 0.92% gas price escalation. The remainder of IGCC capacity
installed is constructed to satisfy increased demand. No natural gas combined cycle
(NGCC) units are built at this carbon tax. More than 90% of the existing plants comply
with emission limits by retro-fitting control technology while the remainder buy
allowances. The total number of plants in operation and the strategy used to meet
compliance for these plants are presented in Figure 39. Similar data are shown in
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Figure 40 in terms of power generated. The technologies used to meet new baseload
capacity are shown in Figure 41.

At a $50/tonne carbon tax, NGCC systems become economically competitive with IGCC
at a 0.92% gas price escalation. Here, new capacity is almost evenly split between
IGCC (18 new plants) and NGCC (16 new plants). Additionally, five existing coal-fired
boilers are replaced with NGCC systems, five more fuel switch to natural gas, and four
are repowered with IGCC systems. However, at a gas price escalation of 2.0% or
greater, all new demand is satisfied with IGCC units (33-35) with a generation capacity
in the range of 13.1-13.9 GW. In addition, four existing coal-fired boilers are replaced
with IGCC at a 2% gas price escalation, four more are repowered with IGCC systems,
and one is repowered with an advanced PFBC system. At 3% and 4% gas price
escalation, three existing coal-fired boilers are replaced with IGCC, four are repowered
with IGCC systems, and one is repowered with an advanced PFBC system. At this
carbon tax and over the range of gas price escalations evaluated, approximately 80% of
the existing plants comply with emission limits by retrofitting control technology while the
remainder buys allowances. The total number of plants in operation and the strategy
used to meet compliance for these plants are presented in Figure 42. Similar data are
shown in Figure 43 in terms of power generated. The technologies used to meet new
baseload capacity are shown in Figure 44.

At a $75/tonne carbon tax, new capacity favors NGCC systems over IGCC (14 vs. 9
new plants) at a 0.92% gas price escalation. At this gas price escalation, 32 existing
coal-fired boilers are replaced with NGCC systems, eleven are switched to natural gas
firing, and two are repowered with NGCC systems. At a 2.0% gas price escalation,
IGCC regains the economic advantage over NGCC. Twenty-two new IGGC units are
constructed versus ten NGCC units to satisfy increased demand. However, six existing
coal-fired boilers are replaced with NGCC systems, four are switched to natural gas
firing, and four are repowered with IGCC systems. At the 3.0% and 4.0% gas price
escalations evaluated, all new capacity is supplied by IGCC systems (34-36 units, 13.5-
14.3 GW). Four existing coal-fired boilers are repowered with IGCC systems and
another with advanced PFBC. Approximately 90% of the existing plants comply with
emission limits by retrofitting control technology, while the remainder buy allowances.
The total number of plants in operation and the strategy used to meet compliance for
these plants are shown in Figure 45. Similar data are shown in Figure 46 in terms of
power generated. The technologies used to meet new baseload capacity are shown in
Figure 47.

At a $100/tonne carbon tax and 0.92% gas price escalation, only four IGCC units are
constructed (1.6 GW). Under these conditions, 90 existing coal-fired boilers are
replaced with NGCC units. Nineteen existing coal-fired boilers are switched to natural
gas firing. However, at this same carbon tax and a 2.0% gas price escalation, new
capacity is almost evenly split between IGCC and NGCC (9 vs. 10 new plants). In this
case, 46 existing coal-fired boilers are retired and replaced with NGCC systems and five
existing coal-fired boilers switch to natural gas firing. At a 3.0% natural gas price
escalation, 27 new IGCC systems are constructed to meet demand while only three
NGCC systems are installed. Two existing coal-fired boilers switch to natural gas firing,
and seven are replaced by NGCC systems. Five existing units are repowered, four with
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IGCC, one with NGCC, and one with advanced PFBC. At a 4.0% gas price escalation
rates, all new capacity is again IGCC. Five existing coal-fired boilers are retired and
replaced with IGCC. Five are repowered. Four of the repowered units are IGCC and
one an advanced PFBC. Most plants still achieve emissions compliance through
retrofitting controls. The total number of plants in operation and the strategy used to
meet compliance for these plants are shown in Figure 48. Similar data are shown in
Figure 49 in terms of power generated. The technologies used to meet new baseload
capacity are shown in Figure 50.

The average capacity factor for existing units is shown in Figure 51 as a function of gas
price escalation and carbon tax. In general, dispatch of the existing units falls at the
higher allowance prices. Capacity factors are less than 60% (except at a $100/tonne
carbon tax) versus the 60-62% range at the lower allowance prices (see Figure 31).
Capacity factors for new units are shown in Figure 52. This is a combination of NGCC
and IGCC technologies. In general, new IGCC units dispatch at a higher capacity factor
than new NGCC units. This is shown in Figure 53, which plots capacity factor versus
carbon tax for new NGCC and IGCC units at a 0.92% gas price escalation.

The average annual generating cost for existing units is shown in Figure 54. Since most
existing units are coal-fired, they are unaffected by gas price escalations. The drop in
cost at the $100/tonne carbon tax represents replacement of existing coal-fired units
with NGCC systems. In this analysis, replacement units are classified as existing units.
For example, 90 existing coal-fired boilers are replaced by NGCC systems at a 0.92%
gas price escalation and $100/tonne carbon tax. NGCC systems are more economical
under this scenario because of the high carbon tax ($100/tonne).

Average costs for power generation are shown in Figure 55 for new plants. As gas
prices escalate, so do power costs.

c) IGCC Technology Cost and Performance

Results of analyses reported in previous sections of this report were based on IGCC
cost and performance estimates made by Parsons.? The results indicated that, under
most plausible scenarios, IGCC market penetration in the ECAR region is significant.
Further analyses were performed to determine the threshold at which IGCC market
penetration is no longer significant. This was done by increasing the capital cost of
advanced IGCC systems or increasing the heat rate, or both. The NOx and allowance
prices established in section V.E.3.b. to meet year 2010 emission limits were
maintained throughout these analyses. The base case for comparison is the cost and
performance values established in the Parsons report.

i) Increase in IGCC Technology Capital Cost

A plot of IGCC market penetration versus gas price escalation and carbon tax is shown
in Figure 56 for a 10% increase in IGCC technology capital costs. Detailed results are
shown in Tables 5A, 5B, and 5C. With no carbon tax, the number of IGCC units
declines from 38 to 32 units at a 0.92% gas price escala-tion. In addition, 8 advanced
supercritical PCs are constructed. At gas price escalations of 2% or greater, the
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number of IGCC units declines by 6-7 units. No NGCCs are constructed, but 6-7
advanced supercritical PCs are built.

At a $25/tonne carbon tax, there is a decline of IGCC units from 39 to 5 at a 0.92% gas
price escalation. These are replaced by 26 NGCC systems and seven advanced
supercritical PCs. At gas price escalations of 2.0% and higher, the number of IGCC
units declines by 5-7 units. Seven advanced supercritical PCs are constructed at 2%
and 3% gas price escalation rates and six at a 4% gas price escalation rate.

At a carbon tax of $50/tonne, only two IGCC units are constructed at a 0.92% gas price
escalation. Twenty-four NGCC systems are installed plus seven advanced supercritical
PCs. At a gas price escalation of 2.0%, sixteen IGCC systems are built compared with
33 in the base case. Sixteen NGCC systems are installed plus seven advanced
supercritical PCs. At 3% and 4% gas price escalations, there is a decline of five and six
IGCC units, respectively, compared to the base case.

At a carbon tax of $75/tonne and a 0.92% gas price escalation, the total number of
IGCC plants declines from nine to two while the number of NGCC plants constructed
increases from 14 to 17. Eight advanced supercritical PCs are added. At a 2% gas
price escalation, the number of IGCC units declines from 22 to seven. The number of
NGCC units increase by six and eight advanced supercritical PCs are added. At a 3%
gas price escalation, 30 IGCC units are constructed versus 34 in the base case. Seven
advanced supercritical PCs are also added. At a 4% gas price escalation, IGCC units
again decline by five units compared to the base case. Six new advanced supercritical
PCs are added.

At a $100/tonne carbon tax, no IGCC units are installed at a 0.92% gas price escalation,
and only three units are installed at a 2% gas price escalation. At a 3% gas price
escalation, 11 IGCC systems are installed versus 27 in the base case. At a 4% gas
price escalation rate, 26 IGCC systems are constructed versus 32 in the base case.

A plot of IGCC market penetration versus gas price escalation and carbon tax is shown
in Figure 57 for a 20% increase in IGCC technology capital costs. Detailed results are
shown in Tables 6A, 6B, and 6C. With no carbon tax, no IGCC units are constructed at
a 0.92% gas price escalation. New capacity is supplied by 30 NGCC systems. Ten
advanced supercritical PCs are also constructed. At gas price escalation of 2%, the
number of IGCC declines from 38 to 19 units. No new NGCC units are built, but 19
advanced supercritical PCs are constructed. New capacity is almost evenly divided at a
3% gas price escalation with 20 IGCC and 18 advanced supercritical PCs added. At a
4% gas price escalation and no carbon tax, IGCC units decrease from 38 to 18 units.
Twenty-one advanced supercritical PCs are constructed under this scenario also.

At a carbon tax of $25/tonne and a 0.92% gas price escalation, no IGCC units are
added. Twenty-nine NGCC systems plus and nine advanced supercritical PCs supply
added demand. At a gas price escalation of 2.0%, the number of IGCC units declines
from 37 to 13 units. Thirteen advanced supercritical PCs are constructed, along with 14
NGCC systems. At a 3% gas price escalation, IGCC installations decline from 37 to 24
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units. IGCC systems dominate new capacity at a 4% gas price escalation rate but the
number of units decreases from 37 to 23 units.

At a carbon tax of $50/tonne, no IGCC units are constructed at a 0.92% gas price
escalation, compared to eighteen for the base case. Five IGCC systems are
constructed at a 2% gas price escalation, a decline of 28 units from the base case.
IGCC units regain their dominance at a 3% gas price escalation. Twenty-six IGCC units
are constructed, but no NGCC units are added. Thirteen advanced supercritical PCs
are also built. At a 4% gas price escalation, IGCC systems total 25 units with 14
advanced supercritical PCs added to satisfy new capacity. No NGCC systems are
constructed under this scenario.

At a $75/tonne carbon tax, no IGCC systems are installed for either 0.92% or 2% gas
price escalations. NGCC capacity is 17 and 10 units, respectively. The remaining
demand is supplied by advanced supercritical PCs, five at the 0.92% escalation rate
and eleven at 2% gas price escalation. At a 3% gas price escalation, only eleven IGCC
units are constructed versus thirty-four in the base case. These are replaced by 16
NGCC systems and 11 advanced supercritical PCs. One PFBC systems is added. Ata
4% gas price escalation, IGCC units capture most new capacity, but their total declines
from 36 units in the base case to 23 units. The remaining new capacity is satisfied with
13 advanced supercritical PCs. One PFBC system is added.

At a $100/tonne carbon tax, IGCC units do not achieve market penetration until gas
prices escalate to 3%, and then only four units are installed versus the 27 of the base
case. At a 0.92% gas price escalation, 104 NGCC systems replace existing coal-fired
boilers. This number drops to 46 units at a 2% gas price escalation and 8 at 3% gas
price escalation. One existing coal-fired boiler is replaced at the 4% gas price
escalation rate. From 1-3 PFBC units are built for gas price escalations in the range of
2-4%. At a 4% gas price escalation, 19 IGCC systems are installed compared to 32 in
the base case. Four NGCC systems are added plus 11 advanced supercritical PCs.

Figures 58 through 62 compare technology applications versus carbon tax and gas
price escalation.

i) Increase in IGCC Heat Rate

A plot of IGCC market penetration versus gas price escalation and carbon tax is shown
in Figure 63 for a 10% increase in IGCC technology heat rates. Detailed results are
shown in Tables 7A, 7B, and 7C.

With no carbon tax, the number of IGCC units installed is constant over the range of gas
price escalations evaluated. The number of IGCC units installed is identical to the base
case (39). No NGCC units are constructed.

At a carbon tax of $25/tonne, there is a decline of IGCC units from 41 to 26 at a 0.92%
gas price escalation. These are replaced by twelve NGCC systems. At gas price
escalations of 2.0% and higher, the number of IGCC units remains nearly identical to
the base case.
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At a carbon tax of $50/tonne, 11 IGCC units are constructed at a 0.92% gas price
escalation versus 22 in the base case. Twenty-six NGCC systems are installed under
these conditions including six that replace existing coal-fired boilers. At a gas price
escalation of 2.0%, 34 IGCC systems are built compared to 41 in the base case. One
PFBC system is constructed, along with five NGCC systems. At 3% and 4% gas price
escalations, the number of IGCC units decreases by one unit.

At a $75/tonne carbon tax and a 0.92% gas price escalation, the total number of IGCC
plants remains at nine, the same as the base case. At a 2% gas price escalation, the
number of IGCC units declines from 26 to 15, while the number of NGCC units
increases from 16 to 26. At 3% and 4% gas price escalations, the number of IGCC
units remains essentially unchanged.

At a $100/tonne carbon tax, the number of IGCC units installed remains at 4. Under
this scenario, 102 coal-fired boilers are replaced with NGCC systems. At a 2% gas
price escalation, the number of IGCC systems declines by four. Here, 45 coal-fired
boilers are replaced with NGCC systems. At a 3% gas price escalation, IGCC units
decrease from 31 to 17 units. The number of IGCC systems installed decreases by one
at a 4% gas price escalation compared to the base case.

A plot of IGCC market penetration versus gas price escalation and carbon tax is shown
in Figure 64 for a 20% increase in IGCC technology heat rates. Detailed results are
shown in Tables 8A, 8B, and 8C.

With no carbon tax, there is essentially no change in number of IGCC units constructed
over the range of gas price escalations evaluated. No other technology supplies new
capacity demand.

At a carbon tax of $25/tonne and a 0.92% gas price escalation, the number of IGCC
units installed declines from 41 to 15. Twenty-two new NGCC units are built in their
place. At 2%, 3%, and 4% gas price escalations, the number of IGCC units constructed
remains unchanged compared to the base case.

At a carbon tax of $50/tonne, only eight IGCC units are constructed at a 0.92% gas
price escalation compared to 22 for the base case. Nineteen IGCC systems are
constructed at a 2% gas price escalation, a decline of 22 units from the base case.
IGCC units regain their dominance at higher gas price escalations. Forty-one units are
built at 3% and 4% gas price escalations, essentially unchanged from the base case.

At a $75/tonne carbon tax, seven IGCC systems are installed at a 0.92% gas price
escalation compared to nine in the base case. At a 2% gas price escalation, 12 IGCC
systems are constructed versus 26 in the base case. At a 3% gas price escalation, the
number of IGCC systems declines by 18 units. However, at a 4% gas price escalation,
the number of IGCC systems installed remains nearly the same as the base case.
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At a $100/tonne carbon tax, the number of IGCC units installed remains unchanged at
0.92%, declines by three units at a 2% gas price escalation, declines by 14 units at a
3% gas price escalation, and by 10 units at a 4% gas price escalation.

Figures 65 through 69 compare technology applications versus carbon tax and gas
price escalation.

iii) Increase in IGCC Heat Rate and Capital Cost

A plot of IGCC market penetration versus gas price escalation and carbon tax is shown
in Figure 70 for a 5% increase in both IGCC heat rate and capital cost. Detailed results
are shown in Tables 9A, 9B, and 9C.

With no carbon tax, the number of IGCC units declines by 3-5 units over a range of gas
price escalations of 0.92 to 4%. Three advanced supercritical PCs are built at 0.92 and
2% gas price escalations and two at 3% and 4% gas price escalations. No NGCC units
are constructed.

At a carbon tax of $25/tonne, there is a decline of IGCC units from 41 to 16 at a 0.92%
gas price escalation. These are replaced by 19 NGCC systems and three advanced
supercritical PCs. At gas price escalations of 2.0% and higher, the number of IGCC
units declines by 3-4 units. Again, three advanced supercritical PCs are built at 0.92
and 2% gas price escalations and two at 3% and 4% gas price escalations.

At a carbon tax of $50/tonne, seven IGCC units are constructed at a 0.92% gas price
escalation versus 22 in the base case. Twenty-nine NGCC systems are installed under
these conditions. At a gas price escalation of 2.0%, 30 IGCC systems are built
compared to 41 in the base case. One PFBC system is constructed, along with six
NGCC systems and three advanced supercritical PCs. At 3% and 4% gas price
escalations, IGCC units decline by 1-4 units, but dominate new capacity construction.
No NGCC units are constructed at these gas price escalations.

At a carbon tax of $75/tonne and a 0.92% gas price escalation, the total number of
IGCC plants decreases from nine to seven. At a 2% gas price escalation, the number
of IGCC units declines from 26 to 14, while the number of NGCC units increases from
16 to 24. At 3% and 4% gas price escalations, IGCC units dominate new capacity,
although there is a small decline in the number of units compared to the base case.

At a carbon tax of $100/tonne, the number of IGCC units installed remains unchanged
at a 0.92% gas price escalation, declines by four units at a 2% gas price escalation,
declines by 13 units at a 3% gas price escalation, and by only one unit at a 4% gas
price escalation.

A plot of IGCC market penetration versus gas price escalation and carbon tax is shown

in Figure 71 for a 10% increase in both IGCC heat rate and capital cost. Detailed
results are shown in Tables 10A, 10B, and 10C.
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With no carbon tax, the number of IGCC units declines by 14 units at a 0.92% gas price
escalation, by 10 units at 2% and 3% gas price escalations, and by 11 units at a 4% gas
price escalation. While five NGCC systems are built at the 0.92% gas price escalation,
advanced supercritical units begin to capture a significant portion of the new capacity
installation. Between eight and ten units are added over the 0.92 - 4% gas price
escalation range.

At a $25/tonne carbon tax, there is a decline of IGCC units from 41 to only 2 units at a
0.92% gas price escalation. These are replaced primarily by NGCC systems, but eight
advanced supercritical PCs also are added. At a gas price escalations of 2.0%, the
number of IGCC units declines by 10 units. No NGCC systems are constructed but ten
advanced supercritical PCs also are built. At a 3% gas price escalation, the number of
IGCC units decreases by 11 units and are replaced with nine advanced supercritical
PCs. The number of IGCC systems installed at a 4% gas price escalation decreases by
ten units and they are replaced with ten advanced supercritical PCs. No NGCC
systems are added.

At a carbon tax of $50/tonne, only one IGCC unit is constructed at a 0.92% gas price
escalation versus 22 in the base case. Thirty NGCC systems are installed under these
conditions, up from 21 in the base case. Eight advanced supercritical PCs are also
added. At a gas price escalation of 2.0%, ten IGCC systems are built compared to 41 in
the base case. Eight advanced supercritical PCs are added along with one PFBC
system and 20 NGCC units. At a 3% gas price escalation, IGCC systems decrease by
11 units and they are replaced by ten advanced supercritical PCs and one pressurized
fluidized bed combustor. At a 4% gas price escalation, IGCC units predominate but
decline by 12 units compared to the base case. Eight advanced supercritical PCs are
added plus one pressurized fluidized bed combustor. No NGCC units are built.

At a carbon tax of $75/tonne and a 0.92% gas price escalation, the total number of
IGCC plants decreases from nine to two. Four advanced supercritical PCs are added.
The number of NGCC systems added remains at 46. At a 2% gas price escalation, the
number of IGCC units declines from 26 to seven while the number of NGCC units
increases from 16 to 25. Nine advanced supercritical PCs are added. At a 3% gas
price escalation, the number of IGCC decreases from 42 to 16 units while 14 NGCC
systems, nine advanced supercritical PCs, and one pressurized fluidized bed combustor
are added. At a 4% gas price escalation, IGCC systems decreases from 44 to 30 units
and are replaced with nine advanced supercritical PCs and one pressurized fluidized
bed combustor.

At a carbon tax of $100/tonne, IGCC systems decline by four units at a 0.92% gas price
escalation, by eight units at a 2% gas price escalation, by 23 units at a 3% gas price
escalation and by 18 units at a 4% gas price escalation.

With a 20% increase in both IGCC capital cost and heat rate, IGCCs are no longer
competitive with NGCC systems. Even under the best scenario, 4% gas price
escalation and no carbon tax, only seven IGCC systems are installed. However, thirty-
one advanced supercritical coal-fired systems are installed, demonstrating that the cost
advantage of coal maintains it as a viable fuel source.
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Figures 72 through 76 compare technology applications versus carbon tax and gas
price escalation.

VI. CASE HISTORIES

To illustrate the selection process used by the CONSOL RCM for retrofitting or
replacing existing coal-fired boilers and adding new generation capacity, several
examples are presented here. These examples show the data that were used in the
decision process for specific scenarios. The technologies considered for retrofit and
replacement of existing boilers and for addition of new capacity are described in section
V.C. Compliance Options. Since the retrofit, replacement, and repowering options are
designed for discrete power outputs, they generally do not match the size and power
output of an existing unit. Any shortfalls or excesses in power created when these units
are installed are balanced by changes in other plants in the ECAR region.

Economies of scale obviously impact economics but this analysis is based on the
specific designs and costs available from Reference 2. Those designs were developed
to match efficient gas and steam turbine sizes expected to be available in the time
frame evaluated.

Allowance prices were set at $800/ton for sulfur dioxide emissions and $1500/ton (year-
round) for NOx emissions for each of the case histories shown below. These allowance
prices were applied to all stack emissions, even if emissions control equipment was
already in place.

The capacity factors shown for each case are based on the optimum dispatch of the
lowest cost power generation technology. Performance and cost parameters are
shown for a single plant in each illustration. However, the dispatch rate of any single
boiler is a function of all the plants in the ECAR system. Thus, the capacity factor is not
solely a function of the unit illustrated but rather of the dispatch of all of the boilers in the
ECAR region.

A. Allowance Purchase

The first example illustrates a case where the lowest cost compliance strategy is the
purchase of emissions allowances. In this example, the carbon tax is $100/tonne and
the gas price escalation rate is 0.92%l/yr.

The results from an evaluation of the Pleasants Unit 1 boiler are shown in Table 11.
This boiler has existing low-NOx burners (LNB) with overfire air for NOx control and a
flue gas desulfurization (FGD) system for sulfur dioxide control. Since the unit already
has NOx controls, the only technologies evaluated for further NOx reduction were
selective non-catalytic reduction (SNCR), selective catalytic reduction (SCR), coal
reburn, and gas reburn. No technology retrofits were considered for sulfur dioxide
reduction since the unit already has an FGD system.
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The power cost for each technology retrofit option is compared against the purchase of
allowances ("as-is"). For the conditions evaluated, the lowest power cost is achieved
with the purchase of allowances ($45.30/MWh). This is then set as the most
economical compliance option for the existing boiler for comparison to repowering and
replacement options.

On the bottom of Table 11, the power cost of the most economical existing system is
compared to repowering and replacement options. Because the existing steam turbine
is not compatible with the potential repowering technolo-gies (i.e., NGCC, IGCC,
PFBC), repowering is not a viable option for this particular plant.

The replacement options considered in Table 11 are conversion of the existing coal-
fired boiler to natural gas, replacing the entire unit with an H turbine NGCC system, and
replacing with an advanced air blown IGCC system. In reality, other options were
considered, but only the lowest cost gas and coal systems are shown in Table 11. A
complete listing is shown in later case histories.

The results shown on the bottom of Table 11 indicate that the existing system with
purchase of allowances ("as-is") represents the lowest power generation cost at this
plant for the fuel prices and carbon tax used in the evaluation.

B. Technology Retrofit

A second example illustrates a condition where retrofitting control technology is the
lowest cost compliance option for a particular boiler. In this example, the carbon tax is
$100/tonne and the gas price escalation rate is 0.92%/yr.

The results of an evaluation of the Spurlock Unit 2 boiler are shown in Table 12. This
boiler has existing low NOx Burners with overfire air for NOx control and an FGD
system for sulfur dioxide control. Since the unit already has NOx controls, the only
technologies evaluated for further NOx reduction were SNCR, SCR, coal reburn, and
gas reburn. Since the existing unit configuration includes an FGD system, no further
sulfur dioxide reduction technology retrofits were considered.

The power cost for each technology retrofit option is compared against the purchase of
allowances. For the conditions evaluated, the lowest power cost is achieved by
installing an SCR control system for further NOx control. With the SCR retrofit, the
power generation cost is $48.98/MWh compared to $52.80/MWh if allowances are
purchased. This then is set as the most economical compliance option for the existing
boiler.

On the bottom half of Table 12, the power cost for the most economical existing system
is compared against repowering and replacement options. Because the existing steam
turbine of the Spurlock Unit 2 boiler is not compatible with potential repowering
technologies, repowering is not a viable option for this particular plant.

The replacement options shown in Table 12 are conversion of the existing boiler to
natural gas, replacing with an H turbine NGCC system, and replacing with an advanced
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air blown IGCC system. While a much larger set of new capacity options were
considered, only the most economical coal and gas replacements are shown for clarity
in Table 12.

The power costs for the replacement options are higher than the power costs for
retrofitting the existing boiler with an SCR system. Therefore, retrofitting the existing
boiler with an SCR system is the most economical option for producing power from this
boiler for the conditions specified.

C. Boiler Replacement

A third example illustrates a case in which replacement of an existing boiler is the most
economical power generation option for a $100/tonne carbon tax and a 0.92%/yr gas
price escalation rate. The Hatfields Ferry Unit 1 boiler was used for this example. This
unit currently has low-NOx burners for NOx control but does not have sulfur dioxide
emissions controls. Power generation costs for the purchase of emission allowances
and for various retrofit options are shown on the top of Table 13. For the conditions
evaluated, retrofitting the existing boiler with overfire air for additional NOx control and
an FGD system for sulfur dioxide control is the lowest cost compliance option.

This compliance option is compared against power costs for replacement technologies
at the bottom of Table 13. A new H turbine NGCC system has the lowest power costs.
Thus, the existing boiler Unit 1 boiler at Hatfields Ferry would be replaced with this
NGCC system.

D. Repowering

This example illustrates a case where repowering the existing boiler represents the
lowest cost emissions compliance strategy. Generally, the term "repowering” means
the replacement of the original unit steam supply system and integration of the new
steam system into the remainder of the plant. The steam turbine-generator is the most
critical item reused. The reuse of other plant systems is maximized. Some systems
may require upgrading or refurbishment. This study provided an initial and limited
evaluation of the repowering option, because the evaluation of repowering is very site
specific and very limited information on performance and cost is available.

Data generated for Unit 5 of the Burger power station are shown in Table 14. This unit
does not have existing NOx or sulfur dioxide emission control equipment (as of 1997).
In this example, the carbon tax was set at $100/tonne and the gas price escalation rate
at 4.0%lyr.

For the existing boiler, installation of low NOx burners with overfire air along with an
FGD system for sulfur dioxide emissions reduction represents the lowest cost option for
power generation. The cost and performance data for the retrofit options evaluated in
this example are shown on the top of Table 14.

Repowering and replacement options are shown on the bottom of Table 14. For this
boiler, the existing steam turbine rating matches the turbine rating of the PFBC
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technology option. For the conditions evaluated, the PFBC option provides the lowest
cost power generation when compared to the most economical existing boiler options
and other replacement options.

E. New Capacity Options - New Gas

In the first four examples, only the lowest cost gas and coal technologies were shown
as replacement candidates. In fact, many other technologies were evaluated. These are
shown in Table 15, where the costs of new power generation options are shown for the
Pleasants power station. Since new capacity is being evaluated, the station selection is
not relevant, except that it establishes the delivered coal price (which varies for each
station in the ECAR region) used in the analysis. For this example, the carbon tax is
$100/tonne and the gas price escalation rate is 0.92%/yr. This analysis shows that, for
the assumed parameters, the lowest power generation cost for new capacity is satisfied
by the H turbine NGCC system.

F. New Capacity Options - New Coal

A similar analysis was performed for the Burger station at a $100/tonne carbon tax and
4.0 %lyr gas price escalation rate. In this scenario (Table 16), the lowest cost power
generation option is the advanced air blown IGCC system.

VII. CARBON DIOXIDE EMISSIONS

In most of the scenarios considered in the evaluations reported here, a carbon tax was
applied in $25/tonne increments to determine its impact on IGCC deployment in
particular and its impact on technology applications for new power generation in
general. These taxes were applied because of their possible imposition at some time in
the relatively near future to mitigate carbon dioxide emissions to the atmosphere and its
apparent effect on global warming.

While technologies were added to generate the lowest marginal cost of electricity,
natural gas and advanced coal based technologies are inherently lower emitters of
carbon dioxide compared to conventional PC wunits.  Therefore, when these
technologies are installed to meet added demand or replace inefficient existing boilers,
the level of carbon dioxide emitted per unit of electricity generated decreases.

The carbon dioxide emissions of each technology evaluated are shown below in terms
of pounds emitted per megawatt of power generated.

Technology Carbon Dioxide Emissions, Ib/MWh
Existing Coal Fired Boiler 2050 (10,000 Btu/kWh Heat Rate)
Existing Boiler Conversion to Gas 1200

FA Gas Turbine NGCC (current) 830

G Gas Turbine NGCC (advanced) 760

H Gas Turbine (advanced) 721

Advanced Ultra Supercritical PC 1696

PFBC 1492
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Advanced Air IGCC 1480
Advanced Oxygen IGCC 1501

Clearly, gas fueled technologies generate lower carbon dioxide emissions. However,
carbon taxes applied in this analysis provide a quantifiable economic benefit of lowering
carbon dioxide emissions. Despite the imposition of carbon taxes, advanced IGGC
systems remain economically competitive except at very low gas price escalations and
very high carbon taxes.

Figure 77 is a plot of carbon dioxide emissions in 2010 versus gas price escalation and
carbon tax for the base case allowance prices. This plot is predicated on power
generation requirements in 2010. Thus, the same number of MWh is generated in each
case, albeit with different technology combinations.

If a 0.92% gas price escalation and no carbon tax are established as the business-as-
usual (BAU) condition, then carbon dioxide emission reductions are only significant (i.e.,
>10% of BAU) at a 0.92% gas price escalation with carbon taxes of $75/tonne or
greater, and at a 2% gas price escalation combined with a $100/tonne carbon tax. This
figure corresponds fairly closely to Figure 78, which shows IGCC market penetration
versus gas price escalation and carbon tax. In essence, carbon dioxide emissions can
be decreased significantly only if coal-fired systems are replaced by gas-fired
technologies. However, this cannot be economically justified in most cases.
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TABLE 4

FINANCIAL FACTORS AND CONSTRUCTION PERIODS

Financial Factors

ROI, % 15.00%
Project Life, years 26-28
Construction Period, years 1-3
Operating Life, years 25
General Inflation Rate, %l/yr 3.00%
% Financed 66.00%
Loan Interest 8.00%
Loan Term (Years) 12

Tax Rate 34.00%
Prop. Taxes & Ins. 1.50%
Tax Life 20
Depreciation 150% declining balance
Salvage Value 0

Construction Period, years

Existing Plant Modifications
LNB 1
LNB/overfire air
SNCR (with or without LNB or|l

LNB/OFA)
SCR (with or without LNB or|2

LNB/overfire air)
FGD 2
Fuel Switch

Repowering
NGCC
IGCC
PFBC

New Units
PC
GCC
IGCC
PFBC
CoCo

[ —

WWN =

WWwWwNW
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